A key manifestation of superfluidity in liquids and gases is a reduction of the moment of inertia under slow rotations. Non-classical rotational effects have been searched for a long time also for the elusive supersolid phase of matter, in which superfluidity coexists with a lattice structure. Here we show that the recently discovered supersolid phase in dipolar quantum gases features a reduced moment of inertia. We study a peculiar rotational oscillation mode in a harmonic potential, the scissors mode, already employed for superfluids. From the measured moment of inertia, we infer a superfluid fraction that is different from zero and of order of unity, providing direct evidence of the superfluid nature of the dipolar supersolid.
A key manifestation of superfluidity in liquids and gases is a reduction of the moment of inertia under slow rotations. Non-classical rotational effects have been searched for a long time also for the elusive supersolid phase of matter, in which superfluidity coexists with a lattice structure. Here we show that the recently discovered supersolid phase in dipolar quantum gases features a reduced moment of inertia. We study a peculiar rotational oscillation mode in a harmonic potential, the scissors mode, already employed for superfluids. From the measured moment of inertia, we infer a superfluid fraction that is different from zero and of order of unity, providing direct evidence of the superfluid nature of the dipolar supersolid.
Superfluids show their most spectacular properties when put under rotation. They are described by a macroscopic wavefunction, whose phase can vary only by integer multiples of 2π when moving around a closed path. For a cylindrical superfluid rotating at low angular velocities, ω → 0, this prescription turns into a nulling of both angular momentum L and moment of inertia I = L /ω. An angular momentum can appear only for sufficiently large ω at integer multiples of the reduced Plancks constanth, through the occurrence of quantized vortices. These non-classical rotational effects have been verified for most known superfluids: nuclear matter [1] , 4 He [2], 3 He [3] , gaseous Bose-Einstein condensates [4] , degenerate Fermi gases [5] and exciton-polariton condensates [6] . A related phenomenon is the Meissner effect in superconductors [7] .
At the end of the 60, it was theorized a new type of bosonic phase of matter described by a macroscopic wavefunction, the supersolid, in which superfluidity could coexist with a crystal-type structure [8] [9] [10] . A. J. Leggett suggested that also a rotating supersolid should show a reduced moment of inertia, but only for a fraction of its mass, I = (1 − f s )I c . Here I c is the classical moment of inertia and 0 ≤ f s ≤ 1 is the so-called superfluid fraction [10] . This phenomenon is called non-classical rotational inertia (NCRI). Also standard superfluids can have f s < 1, but only at finite temperature, T > 0, due to the presence of a thermal component. In a supersolid at T = 0, the reduction of the superfluid fraction is instead due to the spatially modulated density, which tends to increase the inertia towards the classical limit [10, 11] .
At that time, the primary candidate for observing supersolidity was solid helium. Torsion oscillators were employed extensively to attempt detecting NCRI [12] . The original announcement of the possible presence of a large superfluid fraction, f s 10 −1 [13, 14] , has later received a different interpretation based on a change of the elastic properties of the solid [15] and has not been confirmed by more recent studies [16] . Superfluidity in bulk solid helium has now been excluded down to the level of 10 −4 [17] , and the search goes on in 2D films [18] .
In this work, we study a different supersolid candidate, a gaseous Bose-Einstein condensate (BEC) of strongly dipolar atoms, where a density-modulated regime coexisting with the phase coherence necessary for supersolidity has been recently discovered [19] [20] [21] . So far, its superfluid nature has been tested through the study of excitation modes not related to rotations, which can be described in terms of the hydrodynamic equations for superfluids [22] [23] [24] . Here we aim instead at characterizing the NCRI of such system, to search a direct evidence of superfluidity under rotation, in the same spirit of the helium experiments.
Achieving dipolar supersolids large enough to realize an annular geometry is so far not possible, so we employ a specific rotation technique that fits the asymmetric, small-sized systems available in the laboratory. We excite the so-called scissors mode, a small-angle rotational oscillation in the harmonic potential that naturally holds the system. This technique, inspired by an excitation mode of nuclei [25] , has been proposed [26, 27] and employed [28] to demonstrate superfluidity of ordinary BECs. A recent theoretical study has shown that the scissors mode can also be used to characterize the NCRI of a dipolar supersolid [29] . We study the modification of the scissors mode frequency across the transition from BEC to the supersolid regime, so we can directly compare the supersolid with a fully superfluid system. From the measured frequency, we determine a reduced moment of inertia in both regimes, implying superfluidity of the supersolid. Next, we define a superfluid fraction specific for our system, in analogy with Leggetts definition. From the measurements we conclude that the supersolid has a large f s , of order unity. We also make a qualitative comparison of f s with an estimate from the known density distribution [10] .
In the experiment, a BEC of strongly magnetic Dy atoms is held in an anisotropic harmonic trap, with frequencies ω x,y,z = 2π (23,46,90) s −1 , with the dipoles oriented in the z direction by a magnetic field B, see Fig. 1A . The temperature is sufficiently low to have a negligible thermal component [30] . We induce the transition from BEC to supersolid by tuning via a magnetic parametrizes the ratio of the dipolar and van der Waals interaction energies [19] . In the supersolid regime, a density modulation develops along the weak x axis, leading to the appearance of interference peaks in the momentum distribution. We expect our lattice to be composed by two principal density maxima, each containing about 10 4 atoms [22] . This realizes a so-called cluster supersolid [31] , well different from the hypothesized helium supersolid with one particle per lattice site. In principle, further tuning of dd would bring the system in the socalled droplet crystal regime, with no coherence between the density maxima [19] [20] [21] .
The scissors mode is excited by changing suddenly the direction of the eigenaxes of the harmonic trap [30] . This results in a sinusoidal oscillation of the angle θ, with frequency ω sc . We choose to rotate the system in the (x, y) plane, perpendicular to the direction of the dipoles, to have the dipolar interaction potential independent from θ [32, 33] .
In analogy with the torsion oscillators employed with helium, the oscillation frequency can be directly related to the moment of inertia of the superfluid through:
where α = (ω 2 y −ω 2 x )/(ω 2 x +ω 2 y ) and β = x 2 −y 2 / x 2 +y 2 are geometrical factors measuring the deviation from cylindrical symmetry of the trap and of the density distribution, respectively [26, 29] . While α can be measured experimentally, β needs to be calculated theoretically [30] . For non-dipolar BECs in the Thomas-Fermi regime, one has the simplification β = α [27] . For dipolar systems, the density deformation changes instead with the interaction parameter due to magnetostriction, β = β( dd ) = α [32] . If the oscillation amplitude is small, the density deformation β stays constant during the motion [26] .
We can now connect the moment of inertia to a superfluid fraction, which we define specifically for our system in analogy with Leggetts definition, taking into account its non-cylindrical geometry:
It is easy to see that this definition coincides with Leggetts one in the cylindrical case, β = 0. It also coincides with the known results for a superfluid with elliptical geometry, I = β 2 I c [1, 26, 34] . The presence of a residual moment of inertia in the BEC, despite f s = 1, derives from the peculiar velocity distribution, which is well different from the one in a cylindrical geometry [26, 27] . Finally, by combining eq. (1) and eq. (2) one can directly relate such superfluid fraction to the trap and scissors frequencies and to the deformation:
Let us now turn to the experimental results. Fig. 1B -E summarize the scissors measurements in the BEC and supersolid regimes. The 2D density distributions are imaged after a free expansion of the system, representing effective momentum distributions. They are fitted to extract the angle θ in the laboratory frame for various observation times t. The resulting data for θ (t) are fitted with a sinusoid to measure ω sc [30] . Both BEC and supersolid regimes feature single-frequency oscillations, as expected for weakly-interacting superfluids [26] . We have checked that a thermal sample features instead a two-frequency oscillation [30] , excluding the classical hydrodynamic behavior seen in strongly-interacting systems [26, 35] .
To avoid perturbations due to other collective modes [30] , we employ two different excitation techniques for the BEC and the supersolid regimes, which result in a lower amplitude of the scissors mode for the supersolid, see Fig. 1D -E. The accuracy in the determination of the scissors frequency in that regime is limited also by the finite lifetime of the supersolid [19] . Large circles and squares are measured experimentally. Gray dots and black dots are the mean-field and beyond-mean-field theoretical predictions, respectively [29, 32] . B) Moment of inertia derived from eq. (1), using experimental (large squares and circles) and theoretical data (black dots) [29] . Small open dots are the theoretical prediction for a fully superfluid system [29] . Error bars are one standard deviation. In the experiment, dd has a calibration uncertainty of 3%. The pairs of experimental datapoints at dd =1.45,1.50 are displaced horizontally for clarity. The dashed line separating BEC and supersolid regimes was determined numerically [29] .
A summary of the experimental results for the scissors frequency and the related moment of inertia is shown in Fig. 2 . The results are compared to the theoretical predictions of Ref. [29] , calculated for trap parameters and atom numbers close to the experimental ones. For the BEC, we measure a frequency that depends only weakly on the interaction parameter dd , consistently with the prediction of a weak change of the deformation β( dd ) [32] . When the system enters the supersolid regime, we observe instead a clear reduction of the frequency, in agreement with the theory. From the measured frequency, we can determine the moment of inertia I/I c , through eq. (1), where the deformation β is determined from the numerically calculated density distributions [29] . The results are shown in Fig. 2B . In the BEC regime, the moment of inertia differs by a factor of two from the classical value and is compatible with β 2 , as expected for a fully superfluid system. In the supersolid regime, at dd =1.45, the moment of inertia increases towards the classical value, however without reaching it. This provides evidence of NCRI for the dipolar supersolid.
The change of I/I c is in principle due to both the change of shape of the system when the supersolid lattice forms, β( dd ), and the related change of the superfluid fraction. The experiment-theory agreement for I/I c both in the BEC regime, where f s = 1, and at dd =1.5, where the I is expected to be close to I c , supports the validity of the calculated β for our system. To highlight the change of the superfluid fraction, one might in principle compare the experimental data for I/I c with the theoretical data for a hypothetical, fully superfluid system with the same density modulation of the supersolid, I/I c = β 2 [29] , also shown in Fig. 2B . More directly, we calculate the superfluid fraction from eq.(3), employing the experimental frequencies and the theoretical β. The results are shown in Fig. 3 . In the BEC regime, the data confirm that the system is fully superfluid, f s =1, as already found for non-dipolar BECs [28] . In the supersolid regime, we can reliably calculate the superfluid fraction only for the datapoints just after the BEC-supersolid transition, at dd =1.45. Remarkably, the superfluid fraction of the supersolid remains very large, f s ∼ 0.9. Given the measurement uncertainty, f s is compatible with unity and incompatible with zero. This result demonstrates the superfluid nature of the dipolar supersolid under rotation.
In the original theoretical work, Leggett derived an upper limit for the superfluid fraction of a supersolid in an annular geometry:
Hereρ(x) is the normalized density along the annulus and the integral is performed on a cell of the supersolid lattice [10, 11] . Eq. (4) is obtained minimizing the energy of a rotating superfluid with densityρ(x). It points out that the reduction of the superfluid fraction originates from the breaking of translational invariance. This effect can be intuitively understood as follows. In a homogenous superfluid in a cylindrical symmetry, each atom is equally delocalized, so no rotation can be induced. In a system of distinguishable droplets, each droplet can instead perform a rigid rotation. The supersolid is the intermediate case in which the atoms are still delocalized, but the density modulation allows a partial rotation, increasing the moment of inertia.
In 1970, Leggett employed eq. (4) and the known information on the helium lattice structure to predict f s < 10 −4 for solid helium, a result that might be compatible with current measurements. It is now interesting to see what eq. (4) predicts for the dipolar supersolid. We note that our system is different from the one hypothesized by Leggett for two main reasons. First, our setup has not an annular geometry but the rotation happens in the whole (x, y) plane. Even the 2D definition of f s [36] is not suitable for our system, whose size is smaller than the unit cell of the supersolid. Second, the 1D approach does not consider the intrinsic superfluidity of the individual droplets, an aspect that might become relevant close to the droplet crystal regime [29] . Despite these differences, one can still use eq.(4) to get a rough estimate of the superfluid fraction, exploiting the idea that f s should be anyway dominated by the density minima appearing along the x direction.
Since we cannot measure ρ(x) experimentally, we rely on numerical calculations [29, 30] . The results are shown in Fig.3 as triangles. In the BEC regime, the upper limit for f s is close to unity, since there is no density mod-ulation. In the supersolid regime, f s drops initially to values around 0.25 and decreases further as the system approaches the droplet crystal regime. Such large values compared to the helium case are due to the relatively large overlap between density maxima, see the inset of Fig.3 . The values corresponding to the experimental data are f s ∼ 0.15, therefore within an order of magnitude from the experimental values.
In conclusion, we have established the superfluid nature of the dipolar supersolid by characterizing its nonclassical rotational inertia. The supersolid is particularly interesting when compared to standard superfluids, because its reduced superfluid fraction is due to the breaking of the translational invariance, and not to thermal effects. The techniques we have demonstrated, with an improvement of the measurement precision, might allow testing whether the superfluid fraction of the supersolid is indeed smaller than unity. Achieving larger systems might also allow studying quantitatively the theoretical connection between superfluid fraction and density modulation, as well as observing the appearance of quantized vortices for large angular velocities [29] .
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SUPPLEMENTARY MATERIAL

A. BEC and supersolid production
The experiment starts from Bose-Einstein condensates of 162 Dy atoms, with no detectable thermal fraction. The atoms are trapped in a harmonic potential created by two dipole traps crossing in the horizontal (x, y) plane. Typical trap frequencies are: ω x,y,z = 2π (23,46,90) s −1 .
Since there are day-to-day variations of the order of few percent, the trap frequencies are measured before and after each oscillation experiment. We choose a 1:2 ratio for the trap frequencies in the (x, y) plane, since a large aspect ratio determines a large difference between the scissors frequencies of BEC and supersolid regimes. The more elongated trap we used in previous experiments was indeed not appropriate for this type of measurements [19, 22] . The experimental trap frequencies are about 15% larger than the ones used in the theoretical analysis [29] . However, a homogeneous scaling of the trap frequencies does not change substantially the relative scissors frequency ω 2 sc (ω 2 x + ω 2 y ), which is the relevant quantity entering the moment of inertia. For the BEC regime, at the mean field level one can indeed calculate a shift around 1% for the relative frequencies of the two trap configurations [32] .
To tune the interaction parameter dd = a dd a s , we control the contact (van der Waals) scattering length a s with magnetic Feshbach resonances, while the dipolar scattering length a d d = 130a 0 is fixed. The Feshbach resonances we employ are located around 5.1 G [19, 37, 38] . The overall systematic uncertainty on the absolute value of a s is about 3a 0 , which corresponds to an uncertainty on dd of about 4%.
The condensate is initially created at a s = 140a 0 , with typical atom number N=3.510 4 . The scattering length is then tuned with a 70 ms ramp to a s = 114a 0 , close to the BEC-supersolid transition, which occurs at a s ≈ 92a 0 ( dd ≈ 1.42). A second ramp lasting 30 ms brings the system into the supersolid regime. Typically, the supersolid lifetime is about 100 ms, preventing us from observing scissors oscillations for longer interrogation times. In the droplet crystal regime, for dd > 1.52, the very short lifetime severely limits the accuracy of the frequency measurements. Therefore, we have excluded that regime from the present analysis.
The detection is performed by absorption imaging after a free expansion lasting t exp = 95 ms. About 200 µs before the release of the atoms from the trapping potential, we increase the contact interaction strength by setting a s = 140a 0 , thus minimizing the effects of the dipolar interaction on the expansion. We record the atomic distribution in the (x, y) plane of the laboratory frame, interpreting it as a momentum-space density, n(k x , k y ). The imaging resolution is 0.2 µm −1 (1/e Gaussian width).
The presence of the supersolid density modulation is revealed by the characteristic side peaks in the momentum distribution. From their typical spacingk =1.4 µm −1 , we deduce the presence of a single row of density maxima along the x direction, with typical spacing d = 4.5 µm. In the experiment, we do not have direct access to the exact density distribution ρ(x). On the one side, a reliable in-situ imaging would require a spatial resolution comparable to the radius of the density maxima, hence smaller than 1 µm, well beyond current experimental possibilities. On the other side, modeling the initial stages of the expansion is challenging, so we cannot exactly relate n(k x , k y ) to the in-situ density distribution.
B. Scissors mode excitation and analysis
The experimental procedures employed to excite the scissors mode can also excite the axial breathing mode with lowest energy, which couples mainly to the width of the system along the x direction [22] . In the supersolid regime, a too strong breathing oscillation tends to mask the supersolid behavior, shifting ω sc towards the BEC value. Therefore, we employ two different methods for exciting the scissors mode in the BEC and supersolid regimes.
For the BEC regime we efficiently excite the scissors mode by switching on temporarily (5 ms) a third optical trap intersecting the crossed dipole trap at an angle of about 0.7 rad in the (x, y) plane. This imprints a rotation of the atomic system in the (x, y) plane, with typical amplitude after free expansion of 0.3 rad. This method changes also the trap frequencies, exciting the axial breathing oscillation. The fractional amplitude of the oscillation of the x-width is about 20%, as detected after free expansion. Since scissors and breathing are normal modes in the BEC, we do not expect a significant coupling between them [39] . We checked experimentally the absence of a relevant coupling of the two modes: changing the amplitude of the quadrupole oscillation by a factor 4, the scissors frequency does not change.
Crossing the BEC-supersolid transition produces naturally an axial breathing oscillation with fractional variation of the x-width of about 10% [22] ; the method employed for exciting the scissors mode in the supersolid regime avoids additional excitation of the breathing mode. We indeed excite the scissors mode by changing slightly the relative intensities of the two lasers producing the crossed dipole trap, for 5 ms. As the beams are not perfectly orthogonal (the relative angle is about 1.4 rad), this induces a small rotation in the (x, y) plane, with typical amplitude after free expansion of 50 mrad, much smaller than the deformation β. The change of trap frequencies associated to this method is negligible. By varying intentionally the amplitude of the breathing oscillation, we have checked experimentally that for oscillation amplitudes smaller than 15% the value of the scissors frequency is unaffected also in the supersolid regime. Instead, breathing modes with amplitude larger than 15% tend to shift ω sc towards the BEC value.
For both methods, we let the system evolve in the trap for a variable time t, and then determine the angle θ after the free expansion, by fitting n(k x , k y ) with the appropriate rotated 2D distribution. During the free expansion, the non-trivial change of the shape of the system can affect the evolution of the rotation angle θ observed in the laboratory frame [40, 41] . However, the scissors oscillation frequency is not affected by the free expansion, which in our range of parameters only enhances the oscillation amplitude by approximately a factor of 2 [42] .
To fit the distributions after the free expansion, we employ two different models, depending on the regime. In the BEC regime, we employ a 2D gaussian distribution; in the supersolid regime, we add a sinusoidal modulation along the direction of the lattice with periodicityk and relative amplitude C 1 :
The evolution of the relevant fit parameter θ (t) is then fitted with a damped sinusoid of the form:
where ∆θ , θ 0 , ω sc , τ and φ are fitting parameters.
C. Finite temperature analysis
In our system, we can safely define an equilibrium temperature only in the BEC regime. Since the minimum detectable thermal fraction in that regime is approximately 25%, the minimum temperature we can measure is T ≈ 0.6T c ≈ 35 nK, where T c ≈ 60 nK is the critical temperature for condensation. Since finite-temperature effects can influence the scissors mode [43] , we performed a series of measurements of the scissors oscillations in the BEC regime ( dd = 1.14) at intentionally larger temperatures. To increase the temperature, we interrupt the evaporative cooling at different times. For T < T c , we measure the oscillation only for the condensed component, since the thermal component after free expansion is too dilute to be detected. We determine the thermal fraction by independent measurements with shorter expansion time (25 ms). As in the low-T measurements, we observe a single-frequency oscillation, but with a slightly shifted frequency. For T > T c , we study instead the oscillation of the fully thermal system after 4 ms expansion, which features two distinct frequencies close to the values predicted for a weakly-interacting non-dipolar thermal gas, ω ± = ω y ± ω x , see Fig.4A . Such observation demonstrates that our system is in the so-called collisionless regime, so that the single-frequency oscillation of the condensate is a direct consequence of superfluidity [26] . A summary of these measurements is presented in Fig.4B . The frequency shift for the condensate can be Black triangles are the superfluid fraction estimated from the theoretical density distribution, using eq.(4). Inset: example of mean density distribution for dd =1.45. The gray region is the region of integration for eq.(4).
justified as an effect of the interaction of the condensate with the thermal component [43, 44] . The shift is about 10% close to T c , and apparently becomes negligible for T < 0.7T c . This suggests that the presence of a residual thermal component at the typical temperatures of the experiment is irrelevant to the dynamics of the system. We note that a similar analysis for the supersolid regime is not possible, since in our setup the supersolid can be formed only at the lowest temperatures.
D. Superfluid fraction calculation
The upper bound on the superfluid fraction discussed by Leggett in [10, 11] 
is the density of the system normalized to the mean density,ρ(x) = ρ(x)/ρ 0 and the integral is performed over a lattice period λ. The 1D density ρ(x) is obtained integrating the numerical calculated [29] 3D density ρ(x, y, z) in the y,z directions. Here we define the mean density as ρ 0 = 1 d d 0 ρ(x) dx, with d being an interval containing an integer number of unit cells. In the calculation, we take λ = d and integrate between the two central density maxima appearing in the supersolid phase (see inset in Fig.3) . The same interval is used in the BEC phase. Our choice for d is motivated by the need to exclude the edges of the system, where the inhomogeneity due to the trap becomes relevant.
